Developmental information aids stem cell biologists in producing tissue-specific cells. Recapitulation of the developmental profile of a specific cell type in an in vitro stem cell system provides a strategy for manipulating cell-fate choice during the differentiation process. Nurr1 and Foxa2 are potential candidates for genetic engineering to generate midbrain-type dopamine (DA) neurons for experimental and therapeutic applications in Parkinson's disease (PD), as forced expression of these genes in neural stem/precursor cells (NPCs) yields cells with a complete battery of midbrain DA neuron-specific genes. However, simple overexpression without considering their expression pattern in the developing midbrain tends to generate DA cells without adequate neuronal maturation and long-term maintenance of their phenotype in vitro and in vivo after transplantation. We here show that the physiological levels and timing of Nurr1 and Foxa2 expression can be replicated in NPCs by choosing the right vectors and promoters. Controlled expression combined with a strategy for transgene expression maintenance induced generation of fully mature midbrain-type DA neurons. These findings demonstrate the feasibility of cellular engineering for artificial cell-fate specification.
INTRODUCTION
In vitro production of functional tissue-specific cells is a critical issue in stem cell biology for both experimental and clinical applications. The midbrain dopamine (mDA) neuron is of particular interest because of its significant physiological and clinical implications. Parkinson's disease (PD), characterized by progressive loss of mDA neurons in the midbrain substantia nigra (SN), 1,2 is the only neurodegenerative disease with a clinical history of cell transplantation using human fetal midbrains 3, 4 and thus is regarded as a prime target for cell therapeutic approaches. 5 Neural stem/precursor cells (NPCs) cultured in vitro offer an alternative source for application of stem cells that overcomes the ethical and logistical problems raised by utilizing fetal midbrain tissue. Before establishing stable and functional cell transplantation methods in patients, animal modeling studies are fundamentally necessary. NPCs taken from the ventral midbrain (VM) of rat embryos are one of the potential cell source to obtain for transplantation studies because they naturally develop into mDA neurons. However, efficient DA neuron differentiation from VM-derived NPCs is limited to short-term expanded cultures derived from early embryonic days. 6, 7 Manipulation of the genes involved in mDA neuron development to direct non-midbrain NPC into midbrain-type DA neurons is a potential strategy to overcome this limitation.
Forkhead family of winged-helix transcription factor 2 (Foxa2; also known as HNF3β) is among the earliest developmental transcription factors expressed in embryonic VM. It acts as a master regulator for mDA neuron development by inducing expression of a battery of genes that, in turn, regulate mDA neuron specification. [8] [9] [10] [11] [12] Nuclear receptor-related factor 1 (Nurr1; also known as NR4A2) is a downstream factor expressed at later developmental stages and acts as a critical transcription factor to induce mDA phenotype gene expression. [13] [14] [15] Foxa2 expression continues at later developmental stages, and it interacts with Nurr1 in a feed-forward manner to induce mDA neuron development, 9, 16 indicating that both Foxa2 and Nurr1 are strong candidates to be engineered in cultured NPCs for midbrain-type DA neuron generation in vitro. Indeed, combined expression of Nurr1 and Foxa2 drives non-midbrain NPCs to differentiate into DA cells expressing the complete sets of DA phenotype and midbrainspecific genes. However, forced Nurr1 and Foxa2 expression frequently generates non-neuronal or immature DA cells. [17] [18] [19] [20] [21] [22] Furthermore, DA neuronal phenotypes and functions acquired by forced gene expression were not stable over long time periods. Consequently, transplantation of engineered NPCs resulted in poor DA neuron engraftment and functional recovery in PD animal models.
In this study, we aimed to improve Nurr1+Foxa2 engineering to yield mature and functional midbrain-type DA neurons with stable phenotypes that can be maintained for a long period of time. We recently showed that expression levels and timing of exogenous gene induction that mimic physiological patterns may be important to yield mature and functional tissue-specific cells from cultured stem/precursor cells. 17 Thus, to achieve maturity and functionality of the resulting midbrain-type DA neurons, we chose appropriate expression vectors and promoters to induce the level and timing of exogenous Nurr1 and Foxa2 expression in cultured NPCs such that they resemble those in the developing VM. Sustained Nurr1 and Foxa2 exogenous expression levels are important in this strategy, as both Nurr1 and Foxa2 are physiologically expressed in mDA neurons in the adult midbrain and play critical roles in cell survival, function and phenotype maintenance. [23] [24] [25] [26] [27] [28] However, we observed that exogenous expression induced by most of the tested vector systems was easily and selectively silenced in the DA neuronal population. Therefore, we further included a strategy to prevent silencing of ectopic gene expression by choosing appropriate tools to maintain stable exogenous gene expression. This study provides a strategy to acquire a specific type of neurons using artificial gene manipulation that is physiologically relevant to in vivo conditions.
MATERIALS AND METHODS

NPCs culture
NPCs were isolated and cultured from VMs or cortices of rat embryos at embryonic days 12 and 14 (E12 and E14). Cells were plated on 6 or 10 cm poly-L-ornithine (15 μg ml − 1 , Sigma, St Louis, MO, USA)/ fibronectin (1 μg ml − 1 , Sigma) pre-coated dishes (Corning, NY, USA) and allowed to proliferate in the presence of basic fibroblast growth factor (bFGF, 20 ng ml − 1 , R&D Systems, Minneapolis, MN, USA) in serum-free N2 medium. 29 To gain a homogenous population of NPCs, the expanded cells were passaged by dissociating cells into single cells and re-plating them onto prepared PLO/FN pre-coated coverslips (12-mm diameter; marienfeld GmbH & Co., KG, Lauda-Konigshofen, Germany). Cell proliferation was maintained upon reaching 50-60% cell confluency in the presence of bFGF (usually for 1-2 days) before differentiation was induced by the elimination of the mitogen. bFGF elimination in E12 VM NPC culture 30 directed the NPCs to differentiate without prior passaging. Cultures were incubated at 37°C in a 5% CO 2 atmosphere. In certain experiments, 0.5 mM cyclic AMP (cAMP; dibutyryl-cAMP, Sigma) was added to the medium.
Immunocytochemistry
Brain tissue and cells were fixed in 4% paraformaldehyde (PFA). Fixed tissues were blocked in 0.3% Triton X-100 with 1% bovine serum albumin (BSA) for 40 min and incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: rabbit anti-green fluorescence protein (GFP, 1:2000, Invitrogen, Eugene, OR, USA), mouse anti-β-tubulin type Ⅲ (Tuj1, 1:500, Covance, Emeryville, CA, USA), mouse anti-human nerve growth factor IB (NGFI-B) β (Nurr1, 1:1500, R&D Systems), goat anti-Foxa2 (1:500, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-tyrosine hydroxylase (TH, 1:1000, Pel-Freez, Rogers, AR, USA), mouse anti-TH (1:1000, Sigma), mouse antiproliferating cell nuclear antigen (PCNA; 1:40, Millipore, MA, USA), mouse anti-microtubule-associated protein 2 (MAP2, 1:500, Sigma), rabbit anti-Pitx3 
Plasmid constructions and retroviral and lentiviral production and infection
Retroviral vectors expressing Nurr1, Foxa2 or GFP under the control of retroviral long terminal repeat (LTR) promoter (pLTR) were constructed by inserting each cDNA fragment into the multi-cloning sites of the retroviral vector (pCL) as described previously. 20 The retroviral vectors were transfected into 293GPG packaging cells. Lentiviral vector expressing Nurr1, Foxa2, ca-PKA or GFP under the control of various promoters (CMV, CAG, PGK, EF1a, Ubiquitin) were cloned in the lentiviral backbone vector (pCDH), and were transfected into H293T cells using packaging particles. Lipofectamine (Lipofectamine 2000, Invitrogen) was used for transfection, and the supernatant containing viral particles was harvested 72 h (retroviral particles) or 24 h (lentiviral particles) after incubation. NPCs were treated with viral supernatant for 2-4 h with polybrene (1 μg ml − 1 , Sigma), cultured overnight in the presence of bFGF, and then induced to differentiate. Co-expression studies were carried out by infecting cells with mixtures of individually prepared virus (1:1). Viral titers were determined with a viral quantitation kit (QuickTiter Retrovirus Quantitation Kit and QuickTiter HIV Lentivirus Quantitation Kit, (Cell Biolabs, Inc., San Diego, CA, USA) and adjusted to 1 × 10 6 -10 8 TU (transducing unit) ml − 1 . Titers of viruses expressing the reporter GFP, used in gene expression pattern analyses, were determined based on GFP expression in HEK293 cells using FACS. 31 
DA measurement
DA release assays were carried out in differentiated NPC cultures at differentiation day 15. Media incubated for 24 h were collected. DA level determination of the media was performed using an ELISA kit 
Cell toxicity assay
NPCs derived from rat embryonic cortices at E14 were transduced with Nurr1 and Forxa2 as described above. After 13 days of in vitro differentiation, cultures were treated with H 2 O 2 (31.25-250 μM; Sigma-Aldrich) for 8 h, and cell viability was determined by directly counting TH+ cells.
In vivo transplantation
Male Sprague-Dawley rats weighing 220-250 g at the start of the experiment were used for all in vivo studies. Under pentobarbital anesthesia, 4 μl of 6-hydroxydopamine (6-OHDA, 3 μg μl − 1 in normal saline containing 0.2 mg ml − 1 ascorbic acid (AA)) was injected stereotaxically into the SN and the median forebrain bundle 
Histological procedures
Cell transplanted animals were perfused transcardially with 4% PFA. Rat embryos were fixed with 4% PFA for 20 min. Adult brain tissue and embryos were immersed in 30% sucrose in PBS overnight, frozen in Tissue-Tek (Sakura Finetek USA, Torrance, CA, USA) and sectioned at 40-μm (adult brain) or 12-μm (embryo) thickness on a freezing microtome (CM 1850, Leica). The slices were stained with antibodies as described above.
Cell counting and statistical analysis
Immunoreactive or DAPI-stained cells derived from at least three independent experiments. were randomly counted in 10-20 areas using an eyepiece grid. Data were expressed by mean ± s.e.m. of three to five independent cultures. Statistical analysis was done using ANOVA with Tukey post hoc analysis (IBM SPSS Statistics; IBMCorp., NY, USA, http://www.IBM.com).
RESULTS
Gene expression patterns induced by retroviral and lentiviral vectors with various promoters in cultured NPCs
Combined Nurr1+Foxa2 expression in non-midbrain NPCs efficiently generates midbrain-type DA cells expressing a complete set of DA phenotype and midbrain-specific gene expression. 8 However, simple overexpression of these genes often yields non-neuronal or immature midbrain-type DA neurons, indicating a necessity to control levels and timing of exogenous expression. [17] [18] [19] [20] [21] [22] We hypothesized that the in vivo expression patterns of Nurr1 and Foxa2 could be recapitulated in vitro by choosing appropriate expression vectors and promoters. Thus, we examined reporter GFP expression levels and timing induced by various vectors and promoters commonly used for exogenous expression induction. Because continuous expression of Nurr1 and Foxa2 is required in differentiated mDA neurons in adult midbrain, [23] [24] [25] [26] [27] [28] we examined retroviral and lentiviral vectors with diverse universal promoters known to stably induce the expression of exogenous genes. NPCs derived from rat embryonic cortices at E14 were transduced with identical titers of the viruses expressing GFP and then differentiated the next day of transduction. In the cultured NPCs, induction of the exogenous expression driven by the retroviral pLTR was the fastest and the most efficient. Prominent GFP expression was detected from the day following transduction (Figures 1a and b) . At post-transduction day 4 (differentiation day 3, D3), strong GFP expression was detected in 470% of total cells in the cultures transduced with the GFP-retroviruses. Gene expressions induced by the lentiviral transductions in NPCs were, in general, less efficient than those with retro-pLTR during early post-transduction days (Figures 1a and b) . GFP expression levels induced by PGK, EF1a and ubiquitin promoters (pPGK, pEF1a, pUb) were undetectable in the first 2 days of post transduction, but then gradually increased over the next 2-3 days. The intensity of GFP expression in individual cells (estimated by mean fluorescence intensity, MFI) driven by pEF1a, pUb or pPGK were much weaker than those driven by retroviral pLTR (Figure 1c) . By contrast, exogenous gene expression levels driven by the CMV and CAG promoters (pCMV, pCAG) were relatively stronger among lentiviral transduction systems (Figure 1c) .
Interestingly, strong GFP expression induced by retroviral pLTR was gradually, but greatly decreased during differentiation days 5 (D5) to D15, especially in neuronal cells expressing the neuron-specific marker TuJ1 (Figures 1d-f) . In contrast, GFP expression levels induced using lentiviral transduction were well maintained during the differentiation period. Ultimately, the percentage of TuJ1+ neurons expressing exogenous genes (%GFP+/TuJ1+) at D15 was greater in lentiviral pEF1a and pUb-transduced cultures than in those transduced with retroviral pLTR (Figure 1g) , although the initial expression levels in the latter were weaker.
Selection of vector systems for physiologically relevant Nurr1 and Foxa2 induction
We next examined the expression patterns of Nurr1 and Foxa2 in the developing VM. Nurr1 expression was barely detected in mouse VM at early embryonic days (data not shown and Figure 2a ). 13 In VM at E12, Nurr1 expression was identified in the intermediate and mantle zones (IZ/MZ), but not in the (Figure 2b ). 23 In NPC cultures derived from rat embryonic VM at E12, Nurr1 expression was not detected during the proliferation (Figure 2c ). In contrast, Foxa2 expression was manifest from the proliferating VM-NPCs (Figure 2d ). Forced expression of Nurr1 and Foxa2 was induced in non-dopaminergic NPC cultures (derived from cortices at E14) using lenti-pUb and retropLTR systems, and their expression patterns were compared with those of endogenous expressions. Consistent with the results presented in Figure 1 , exogenous Nurr1 expression driven by lenti-pUb was delayed in a similar manner to its endogenous expression, while Foxa2 expression by retropLTR was detected early within 1 day after transduction and was similar to endogenous Foxa2 expression (Figures 2c  and d) . (Figures 3a-c) . In contrast, delayed-Nurr1-expressing NPCs driven by lentipUb, which have similar developmental timing to endogenous expression, were differentiated into TH/TuJ1 co-expressing DA neurons with extensive neurite outgrowth (Figures 3a-c) . Foxa2 expression timing did not affect the neuronal maturation of TH+ cells, as both delayed and early expression of Foxa2 gave similar levels of TH/TuJ1 co-expressing cells and neurite outgrowths. Nonetheless, recapitulation of the Foxa2 endogenous pattern (early timing and high levels) by Retro-LTR contributed to the generation of a four-fold greater TH+ cell yield than Lenti-pUb.
In comparison with early-Foxa2/Nurr1-expressing (RetroNurr1+Retro-Foxa2) NPCs that failed to show mature TH morphology even at D14, early-Foxa2-delayed-Nurr1-expressing (Lenti-Nurr1+Retro-Foxa2) NPCs displayed mature morphology and co-expression of TH with Tuj1 as early as D7, and the neuronal maturation indices increased at D14 (Figures 3d-f) . TH+ DA neurons acquired based on the physiological pattern of exogenous Nurr1 and Foxa2 also expressed specific markers of mature neurons (MAP2, NeuN), mature DA neurons (DAT, VMAT2), and midbrain-specific DA neurons (PITX3) at D14 (Figures 3g and h ). In addition, to test the functionality of the transduced midbrain-type DA neurons, we measured released DA from each differentiated population (control, Retro-Nurr1+Retro-Foxa2 and LentiNurr1+Retro-Foxa2). DA was almost undetected in the negative control cultures transduced with control viruses carrying empty vectors. As expected, much higher DA level was detected in the Lenti-Nurr1+Retro-Foxa2 transduced neurons, compared with that of Retro-Nurr1+Retro-Foxa2-transduced: DA releases evoked by KCl-mediated depolarization were 1.31 (Lenti-Nurr1+Retro-Foxa2) vs 0.20 (Retro-Nurr1+Retro-Foxa2) vs 0.0020 ng ml − 1 (control; Figure 3i ). Based on these findings, we concluded that the combination of LentipUb-driven Nurr1 (Lenti-Nurr1) and retro-pLTR-driven Foxa2 (Retro-Foxa2) made it possible for non-midbrain NPCs to generate mature and functional midbrain-type DA neurons.
Activation of intracellular cAMP-pCREB signaling improves midbrain-type DA neuron yield, maintenance and survival Although mature DA neurons were generated by physiological patterns of Nurr1 and Foxa2 exogenous expression, the percentage of DA neuron yield was low (o1% of total cells), and thus further improvement was required. Intracellular signaling of cAMP-phosphorylated cAMP response element binding protein (pCREB) has been reported to be important not only for DA neuron differentiation, but also for survival and presynaptic functionality of DA neurons. [34] [35] [36] [37] [38] Activation of the cAMP-pCREB signal by treatment with cAMP or transduction with a constitutive active form of PKA (ca-PKA), the enzyme catalyzing phosphorylation (activation) of CREB, in NPCs transduced with Lenti-Nurr1 and Retro-Foxa2 greatly enhanced DA neuron yields (0.6% (untreated control) vs 9.9% (cAMP) vs 8.6% (ca-PKA), Figures 4a and b) . Considering that Foxa2 was continuously expressed in adult mDA neurons (Figure 2b) , silencing of Retro-LTR-induced expression of Foxa2 by cellular silencing machinery in long-term differentiation was another obstacle in this strategy (Figure 4c and also see Figure 1 ). However, treatment with cAMP or ca-PKA greatly prevented Foxa2 silencing (Figure 4c and data not shown). In addition, consistent to intracellular cAMP-pCREB roles to promote mDA neuronal survial, 28, 38, 39 cAMP treatment provided the DA neurons with resistance against H 2 O 2 -mediated oxidative stress (Figure 4d ). These findings collectively indicate that cAMP-pCREB signal activation is useful in the Nurr1+Foxa2 strategy not only to enhance DA neuronal yield and the stability of the exogene expression required for DA phenotype maintenance, but also in order to promote DA neuron resistance against toxic stimuli.
Next, based on in vitro observations, intra-striatal transplantation was carried out with NPCs transduced with a combination of Lenti-Nurr1+Retro-Foxa2+Lenti-caPKA into PD model rats. Histological assessment 4 weeks after transplantation demonstrated that transduced NPCs generated TH+ DA neurons with an extremely mature morphology, which extended their neurite outgrowth towards the host striatum ( Figure 5 ). However, unfortunately, the in vivo functionality of the transplanted cells could not be observed in the analysis of PD-related behaviors in a series of transplantation experiments, mainly due to poor donor cell engraftment with few TH+ cells in the grafts (o100 cells). This indicates the necessity of further transplantation studies with improved donor cell engraftment. Although the in vivo functionality of the Nurr1+Foxa2+caPKA-NPCs was not proven in this study, this study is useful because it describes a method for generating mature and functional midbrain-type DA neurons for use in in vitro bioassays aimed at therapeutic developments related to PD or other disorders associated with midbrain-type DA neurons. 
DISCUSSION
Midbrain-type DA neuron differentiation is a prerequisite for stem cell-based therapeutic developments related to PD and disorders associated with mDA neurons; however, efficient mDA neuron differentiation from cultured stem cells is challenging. To overcome these difficulties, we utilized forced expression of Nurr1 and Foxa2, the combinatory action of which facilitates acquisition of general DA and midbrain DA neuron phenotypes at later stages of midbrain development. 9, 16 However, simple overexpression of these factors frequently yields non-neuronal and immature DA neurons. [17] [18] [19] [20] [21] [22] We sought to overcome the immaturity problem by replicating the physiologic expression patterns of the developmental factors in the forced expression strategy. Using appropriate expression vector systems such as Lenti-pUb for Nurr1 and Retro-pLTR for Foxa2 expression, we successfully generated midbrain-type DA neurons with an appropriate morphology and stage of maturity.
Another critical issue is stable exogene expression in differentiated mDA neurons, since expression of Nurr1 and Foxa2 continues in mDA neurons in the adult midbrain and is critical for phenotype maintenance, function and survival in this neuronal subtype. [23] [24] [25] [26] [27] [28] However, we observed that Retro-pLTR-mediated Foxa2 expression is silenced after long-term differentiation, although theoretically, retroviral vector-mediated expression should be stable. It has been consistently reported that during hematopoietic differentiation of mouse ESCs, gene expression from the retrovirus LTR, but not from the lentivirus LTR, is severely reduced 40 ; this appears to be caused by DNA methylation of the retroviral LTR promoter. 41 We found that silencing of the Retro-LTR promoter during neuronal differentiation is substantially prevented by cAMP treatment or caPKA expression. It is likely direct binding of pCREB activated by cAMP (caPKA) to the LTR promoter that results in this activation, based on the existence of consensus CREB-binding sequences in the LTR promoter and the positive regulatory role of CREB binding in promoter activity. In addition, cAMP-pCREB activation in Nurr1+Foxa2-transduced NPCs promoted mDA neuronal yield and survival/resistance of the resulting mDA neurons against toxic insult.
On the basis of the in vitro findings, we performed in vivo functional assays by transplanting the Nurr1+Foxa2+caPKA-transduced NPCs into PD model rats. The success of cell transplantation-mediated PD therapy depends on efficient mDA neuron engraftment and neuronal maturation of the engrafted mDA neurons. Neuronal maturation leading to synaptic connections between grafted mDA neurons and host neurons is critical for long-term therapeutic effects. 42, 43 In histological assessment, TH+ DA neurons engrafted in the host striatum exhibited an extremely mature morphology, with their long neurite outgrowths extending toward the host striatum. However, unfortunately, the in vivo functionality of the transplanted cells could not be observed in the analysis of PD-related behaviors in a series of transplantation experiments, mainly due to lack of sufficient engraftment of TH+ cells. Poor donor cell engraftment was probably due to the cell toxicity induced by multiple gene transductions during donor cell preparation. We noticed that viral transduction was somewhat toxic to cultured NPCs. Thus, donor NPCs transduced with multiple genes are prone to cell death in the hostile in vivo host environment after transplantation, although the transduced NPCs can survive and differentiate into mature TH+ DA neurons under in vitro culture conditions supplemented with sufficient trophic factors. In addition, both Nurr1 and Foxa2 are strong factors involved in cell cycle arrest. 9, 44, 45 Thus, the cell arrest effects of the transgenes are thought to contribute to poor TH+ cell engraftment, as the proliferative capacity of donor cells is also beneficial for their engraftment and to the formation of a sound graft of the transplanted tissue.
In conclusion, this study illustrates the utility of artificial cell fate specification with controlled gene expression, which can replicate the gene profile of actual brain development. The data indicate that sequential and controlled expression levels of transcription factors Foxa2 and Nurr1 along with cAMPpCREB signal activation result in fully mature midbrain-type DA neurons with stable phenotype maintenance and improved cell survival. Future studies are needed to establish the usefulness of this strategy in NPCs of human origin and to produce successful engraftment and therapeutic efficacy in PD.
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